Abstract. Trunk phloem necrosis (TPN) is a physiological disease of rubber tree (Hevea brasiliensis Müll. Arg.) discovered in the 1980s. It has been distinguished from rubber tree tapping panel dryness (TPD) by its macroscopic symptoms and presumed origin. But little attention has been paid to its microscopic features, and there is now some evidence that both syndromes could be linked to an impaired cyanide metabolism. In order to characterise TPN and compare it with TPD microscopically, the inner phloem of tapping panels was investigated by light and transmission electron microscopy in healthy trees and TPN-affected trees. TPN-affected phloem presented numerous and varied structural and ultrastructural features. There were signs of cellular deterioration in a great number of specialised cells, i.e. laticifers and sieve tubes, and not very specialised cells, i.e. parenchyma cells and companion cells. There were also signs of cellular dedifferentiation in other parenchymatous cells, e.g. in tylosoids and hyperplasic cells. These cells were derived from parenchyma cells that ensheath laticifers in which the latex coagulated. Numerous structural features of TPN are common to TPD, notably tylosoids associated with in situ coagulated latex, which are also known to be early structural markers of TPD and cyanide-induced. It is therefore concluded that TPN is identical to or a variant of TPD, and is a degenerative disease of rubber tree trunk phloem resembling plant stress response, programmed cell death and plant tumourigenesis in some aspects.
Introduction
Rubber tree (Hevea brasiliensis Müll. Arg.) is an important industrial crop, natural rubber representing almost half of the total world rubber production (42% in 2005). As in other crops, various plant physiological conditions and pathogenic diseases influence rubber production. The tapping panel dryness (TPD) is one of the most serious threats to natural rubber production. It is estimated that TPD contributes to 15-20% loss of the annual rubber production, with an incidence of 20-50% of productive trees affected by TPD, in almost all rubber-growing regions. TPD is an issue very specific to rubber tree, resulting in the cessation of latex flow (bark dryness) and a reduction of the tapping stand. It is now admitted that TPD is a physiological disorder resulting from abiotic stress, with two forms: on the one hand, a reversible tapping cut dryness without any visible sign of bark necrosis, and on the other hand, an irreversible bark necrosis or brown bast (Jacob et al. 1994) . Attention was first drawn, as soon as the beginning of the 20th century, by browning of the inner part of tapping panels (barks of the exploited side of trunks), its necrosis and progressive destructuration. So the phenomenon was first called brown bast (Bobilioff 1919) . But the development of a simple tapping cut dryness without any sign of browning, i.e. appearance of dry zones (without latex dripping out) along the tapping cut, was also observed on many trees and could be very extensive in severe cases. According to Clément-Demange et al. (2007) , there is uncertainty about the relationships between the two forms. Indeed, some researchers assume that TPD is directly linked to over-exploitation (excessive tapping and intense ethylene stimulation), and that there is a progressive evolution from tapping cut dryness (reversible TPD) to brown bast (irreversible TPD), whereas others think that they are two distinct diseases differing in their origin.
A syndrome with browning and necrosis of the trunk bark was discovered in the 1980s in rubber trees of West African plantations and seen again in most modern rubber plantations worldwide, with a wide range of severity across sites. Trunk phloem necrosis (TPN), also termed bark necrosis , has been distinguished from TPD by the extent of browning (presence of deep brown sheets) and necrosis (presence of superficial necrotic patches) and by their main location at the base of the trunk near the scion/rootstock junction . Because this syndrome was sometimes observed on untapped or newly opened trees, it has been suspected to be favoured by other factors than overexploitation. An ecophysiological study has suggested that TPN was favoured by some environmental factors, such as high soil compaction ). Biochemical and gene expression studies have suggested that impaired cyanide metabolism might be at the origin of TPN, or at least of its spread within the tree ). However, it was recently shown in Brazilian clones differently sensitive to TPD that the structural abnormalities specific to irreversible TPD, i.e. tylosoids (kinds of tyloses formed in laticifers) associated with in situ coagulated latex de Faÿ 1981; de Faÿ and Jacob 1989) , are cyanide-induced (de Faÿ et al. 2010) . TPD and TPN might thus have the same immediate cause. But it is not yet known if they have the same histological characteristics. Moreover, the fine structural changes that occur within phloem cells with the development of both syndromes had been poorly investigated, particularly at the onset of the disorder.
The present study aims to compare TPN with irreversible TPD and to identify the fine structural changes occurring in young phloem cells of tapping panels when the syndrome was spreading within the trees. It is to examine the bark and specifically the inner phloem of tapping panels by light and transmission electron microscopy (TEM), in healthy and TPN-affected rubber trees.
Materials and methods

Plant material
Plant material was obtained from mature trees of two clones prone to TPN and widely planted in West Africa; those came from plantations located in the same climatic region along the West African coast, with a maximum distance of 250 km from one another. The clone GT1 was selected because TPN had been discovered notably in this clone, and its discoverers provided some specimens in which ultrastructural characterisation of the disease had begun (Nicole et al. , 1992 but had needed to be continued. The clone PB 260 was selected because it proved to be the most highly susceptible to TPN in West Africa (GT1 was then classed as fairly susceptible). A total of 10 TPN-affected and three healthy individuals were sampled in three series (Table 1) . The number of healthy trees sampled was minimised in each series because the normal histology and cytology of rubber tree had already been examined, notably in GT1 Hébant and de Faÿ 1980; de Faÿ 1981; . Moreover in the literature, there is no suggestion of qualitative anatomical difference between rubber clones selected for their latex yield (case of GT1 and PB 260). The observations from the three controls could be justifiably combined. The trees were identified as healthy or diseased after examining the bark lightly scrapped from the level of tapping panel down to the trunk base, collar and superficial roots, plus the tapping cut and eventually vertical grooves cut in the bark.
Barks were sampled at various levels of the tapping panels, from two or more (up to nine) places per tree; as for the TPNaffected trees: from dry barks and generally at the level of the brown sheets, more rarely at that of necrotic patches, occasionally from non-dry barks or from the front area where latex flow was slowing down; as for healthy trees: under the tapping cut. The sampling places were always more than 20 cm away from one another, and the samples comprising periderm and phloem as deep as to the cambium were taken with a 1-3-cm diameter punch.
Histological methods
For light microscopic examination, samples were immediately immersed in Craf I solution (Sass 1958) prepared at the time of use and in which they can be preserved until sectioning. Later, every sample was cut with a razor blade according to the three directions, transversal, radial axial and tangential axial, so that a well oriented central cuboid was kept. Generally, the outer part, i.e. the hard bark very rich in stone cells (sclereids) and poor in laticifer rings, was also discarded. Then, cross-sections were made with a freezing microtome. Every sample of sectioned soft bark (inner part of the secondary phloem) was systematically treated with 1% Alcian blue in 1% acetic acid to stain the acidic polysaccharides of phloem primary walls blue and with 1% Oil Red O in 90% isopropyl alcohol to stain latex red. Some sections were treated with phloroglucinol-HCl, which specifically stained the cinnamaldehyde groups present in lignins dark pink (Vallet et al. 1996) . In addition, semi-thin sections obtained from samples fixed and embedded for TEM were stained with a 10-time diluted solution of 1% Toluidine blue in 1% Borax, eventually followed by a post-treatment with I 2 /KI solution. Others were pre-treated with 1% periodic acid before staining with 0.5% Toluidine blue in 2.5% Na 2 CO 3 . Sections of soft bark were observed with a Nikon Optiphot 2 (Nikon Corporation, Tokyo, Japan), usually under white light, occasionally under blue light using a B 2 filter combination (Excitation, 450-500 nm; Emission, 520 nm).
Cytological methods
For TEM examination, samples were treated as follows. Before sampling, small amounts of the fixative 4% p-paraformaldehyde, 0.2% glutaraldehyde in 0.1-M phosphate buffer, pH 7.2, were injected deep into the bark in three points in relation to the future place of sampling: 1-2 cm above, on the right and on the left. After a few minutes, a 1-cm-diameter sample was taken and immediately immersed into some fresh fixative. As soon as possible, the hard bark and eventually the brown sheet were removed, as well as the lateral parts of the samples, in order to save a cuboid of inner soft bark having transversal, radial axial and tangential axial faces. This one was cut into several radial axial slices, themselves cut again into two or three smaller segments elongated axially (sides: 1 mm, length: 5 mm). All these slivers were put into some fresh fixative for~3 h at 18 C. In total, the 
Results
Structural characteristics of the inner bark of TPN-affected trees
In control trees of the two clones studied, the tapping panels presented the following histology (Fig. 1) . It was thick, in the range of 7-10 mm, but laticifers were abundant only in the inner third part (soft bark) (Fig. 1a) . Laticifers ( Fig. 1a-f ) were arranged in numerous concentric rows called laticifer rings (Fig. 1a) typical of the secondary phloem. Adjacent laticifers were anastomosed laterally (Fig. 1c, d , f ), and their content had a granular aspect (Fig. 1c, d, f ) indicating the presence of globular structures, principally rubber particles (Fig. 1f ) . The secondary phloem also contained sieve tubes, but the largely opened and apparently empty sieve elements (Fig. 1b, c) formed a narrow band (0.2-0.8 mm) adjacent to the cambium (Fig. 1b) called conducting phloem. The sieve elements were progressively crushed outwards (Fig. 1b, c) and then formed the non-conducting phloem. The other secondary phloem cells (Fig. 1b-f ) were either companion cells, radial parenchyma cells of vascular rays or axial parenchyma cells including those forming the sheath of laticifer rings (Fig. 1c, d, f ) . A few parenchyma cells turned into tannin cells (Fig. 1b, d, e) ; in places, some others turned into sclereids (stone cells), which progressively formed nodules (Fig. 1d, e) .
Soft bark of the tapping panel of TPN-affected trees was distinguished from that of healthy trees by several histological or histochemical features, the same in the two clones (Fig. 2) . In most laticifers (except generally in the innermost laticifer rings), the latex did not any more appear granular but looked smooth (Fig. 2a, d, k) or heterogeneous (Fig. 2b, c, l) according to the fixation and staining techniques used. The smooth appearance of the latex following the staining of lipidic material reflected the fusion of rubber globules, which is commonly expressed by in situ coagulation of latex. The heterogeneous appearance following Toluidine blue-I 2 /KI staining reflected the occurrence of other changes in the laticifer protoplasm. Laticifers having coagulated latex were often invaded by outgrowths of the associated parenchyma cells (laticifer sheath cells) called tylosoids ( Fig. 2d, e) . More outwards, a sort of hyperplasic tissue developed. It consisted of irregularly shaped and arranged parenchymatous cells ( Fig. 2e-g ) presenting peculiarshaped structures ( Fig. 2f ) and generally a disproportionately large nucleus with prominent nucleoli (data shown below). It resulted from tylosoid proliferation, as shown by the remnants of coagulated latex in the intercellular spaces (Fig. 2e, g ). It was clear that laticifers were destroyed and dismantled in these places. Wound gum-like golden material ( Fig. 2h ) was positively reactive (a) to phloroglucinol-HCL (Fig. 2i) . It impregnated the walls of numerous laticifers, crushed sieve elements and sometimes parenchyma cells, and spread into the intra-and intercellular spaces ( Fig. 2h-j) . First changes occurred at the level of the middle lamella and intercellular spaces between laticifers and parenchyma cells of the laticifer sheath (Fig. 2j) . In other places, more or less small tertiary formations were found around parts of laticifer rings having coagulated latex (Fig. 2k, l) . They came from additional meristematic layers arising in the parenchyma sheath of laticifers (Fig. 2k) , or in the vicinity when the sheath was rich in tannins (Fig. 2l) . They produced parenchymatous cells, which generally differentiated themselves in tannin cells (Fig. 2l, m) , stone cells (Fig. 2l) , or eventually cork cells (Fig. 2m ). Tannins were always abundant (Fig. 2a, b, d, e, h-m) , but these and the wound gum-like secretions accumulated strongly at the level of brown sheets and necrotic patches. Distribution and amount of each type of abnormality varied greatly between and within diseased trees, but tylosoids and/or hyperplasic tissue were always present at the level of brown sheets and necrotic patches as well as in deeper layers (Fig. 3) . However, they could also be found around these areas in zones of normalcoloured bark, sometimes in abundance (Fig. 3) .
Ultrastructural characteristics of the young phloem of TPN-affected trees
In control trees of both clones (exploited mature trees), and more precisely in the inner secondary phloem of tapping panels, the cells presented the following features (Fig. 4) . Laticifers were generally filled up with rubber particles of various sizes and presented a few organelles (Fig. 4a) . Small mitochondria flattened against the cell walls were the most frequent (Fig. 4a, c) ; other ultrastructures were only found in places or were very rare, such as nucleus (Fig. 4b) . Mature sieve elements (dilated large elements, Fig. 4d, g ) showed sieve plates with typical linings of callose-like substance and masses of P-protein fibrils into and around the pores (Fig. 4d) . Starch-plastids (Fig. 4d, f ) and stacks of endoplasmic reticulum (ER) parallel to and associated with the plasma membranes (Fig. 4d-f ) were numerous; rare mitochondria were found in the parietal cytoplasm (Fig. 4e) . Crushed sieve elements of the non-conducting phloem did not any more contain recognisable organelles or membrane systems (Fig. 4v) . Recognisable from their pore plasmodesmal units incorporating fine linings of callose-like substance in the common wall with the sieve elements (Fig. 4k) , companion cells displayed a more or less electron-lucent cytoplasm and small membrane-bound cavities, i.e. vacuoles or other vesicles ( Fig. 4g-l, centre) . But some of them also presented features indicating a more advanced stage of development: often rather flocculent nucleoplasm (Fig. 4l) , sometimes membrane breakage at the level of the nuclear envelope ( Fig. 4l ) and cavities containing osmiophilic material close to the plasma membranes (Fig. 4j) . Like companion cells, a part of the parenchyma cells, i.e. the axial ones including the laticifer sheath cells, showed electron-lucent cytoplasm and organelles, and several membrane-bound cavities (Fig. 4m, s-v) . The other parenchyma cells, i.e. the radial ones, displayed electron-dense cytoplasm and organelles, and a large central vacuole (Fig. 4g, v) . Both kinds of cells could be adjacent and symplastically connected (Fig. 4g, m, t, v) . The rare tanniferous cells had often an electron-dense cytoplasm and presented not much electronopaque tannins (Fig. 4t , u, top) in their large central vacuole. In all the parenchyma cells, plasmalemma and internal membranes ( Fig. 4g-v) appeared to be normal even in the non-conducting phloem, as well as plasmodesmata (Fig. 4k, q, r, t) . All the cell walls were fairly electron-dense ( Fig. 4a-v) but with the middle lamella denser, especially in the cell corners (Fig. 4g, m, n) . It was the same in the non-conducting phloem, even for the deformed walls of the crushed sieve elements (Fig. 4v) .
Inner secondary phloem of the tapping panel of TPN-affected trees was distinguished from that of healthy trees by many ultrastructural abnormalities in all the cellular types (Fig. 5) , even very close to the cambium. Most laticifers contained fused rubber particles mixed with very electron-opaque material and sometimes electron-translucent remnants of unrecognisable structures (Fig. 5a, b) . Some laticifers also contained a parenchymatous cell that had a non-straight thin wall apparently pliable (Fig. 5b) revealing the budding at the origin of the tylosoid. In phloem layers closer to the cambium and in the dry/non-dry intermediate region of the trunk (front area), laticifers showed rounded rubber particles but with tiny electron-opaque granules lying at their surface (Fig. 5c ). The osmiophilic material was deposited in mass onto the plasma membrane (Fig. 5c ). Most sieve elements accumulated electron-opaque material in the nonconducting phloem (crushed sieve elements) and also in some non-crushed sieve elements closer to the cambium, even in the dry/non-dry front area (Fig. 5d, e) . In the latter case, it was mainly found around the sieve plates that had an altered structure (Fig. 5d, e) . Moreover, in all the non-crushed sieve elements, Fig. 3 . Presence and abundance of hyperplasic cells, tylosoids and tertiary formations according to the place of bark sampling in a mature hevea suffering from Trunk phloem necrosis (clone PB 260): at the level of necrotic patch and brown sheet, at the interface brown sheet/bark without browning, above the tapping cut, at the interface scion/rootstock and in a root. Abbreviations and symbols: Hy, hyperplasic cells; Ty, tylosoids; 3F, tertiary formations; 2, numerous; 1, few; 0.5, rare; 0, absent. the stacks of ER were generally dilated (Fig. 5d, f ) ; no starchplastid was recognisable; more or less big masses of callose-like non-osmiophilic material were deposited onto and into the wall common with the companion cell (Fig. 5d, f ) .
The other cells, parenchymatous in nature, presented the most varied ultrastructural abnormalities, which could be different according to the origin and location of the cells (Fig. 5g-s) . The most remarkable cells (Fig. 5g-l) were very rich in organelles
(v ) (u ) (t ) (s ) Fig. 4 . Ultrastructure of the tapping panel inner secondary phloem of healthy hevea trees (exploited mature trees) belonging to the clones GT1 (a, c, e, f, h, p, r, d, g, i, n, o, q, s) . LG, lipid globule; NE, nuclear envelope; Pa, parenchyma cell; Pd, plasmodesma; Pe, peroxisome; PF, pit field; Pl, plastid (S-plastid); PM, plasma membrane; PP, P-proteins; RP, rubber particle; SE, sieve element; SP, sieve plate; To, tonoplast; V, vacuole; W, wall. Bars, 1 mm (a-j, l-p, s-v), 0.2 mm (k, q, r). Transversal ultrathin sections stained with uranyl acetate and lead citrate. plastids and mitochondria, in big lipid globules and in rough ER. The flat ER cisternae were arranged in more or less long and parallel profiles (Fig. 5g, i, k) ; in some cells, they tended to coil up round organelles or lipid globules (Fig. 5i, k) . The plastids and particularly the mitochondria were elongated and constricted (Fig. 5g, h, j, k) ; their stroma and matrix were generally electron-dense (Fig. 5g-i, j, l) . Crystals of peroxisomes were also electron-dense (Fig. 5g, h, k, j) . The cytoplasm was more or less electron-dense and rich in ribosomes, and the lipid globules were more or less osmiophilic according to the cells (Fig. 5g-l) . Membrane-bound cavities of different sizes and contents were found in the cytoplasm and periplasm (Fig. 5h, j-l ). There were also electron-translucent large areas containing fibrillar or vesicular materials that were not enclosed by membranes
Fig. 5. Ultrastructural changes in the tapping panel inner secondary phloem of Trunk phloem necrosis-affected hevea trees belonging to the clones GT1 (b, i, j, l, q) and PB 260 (a, c-h, k, m-p, r, s). (a-c) Views of laticifers showing various abnormalities. (d-f ) Views of sieve elements and companion cells showing several abnormalities. (g-l) Views of parenchymatous cells displaying signs of dedifferentiation (hyperplasic cells). (m-s)
Views of phloem parenchyma cells displaying signs of degradation or alteration. Asterisks mark callose-like material; arrowheads mark varied material in the intercellular spaces; white stars mark osmiophilic material in the protoplasm. CC, companion cell; CL, coagulated latex; D, dictyosome; ER, endoplasmic reticulum; IS, intercellular space; La, laticifer; LG, lipid globule; Mi, mitochondrion; N, nucleus; Pa, parenchyma cell; Pd, plasmodesma; Pe, peroxysome; PF, primary pit field; Pl, plastid; PM, plasma membrane; RP, rubber particle; Sc, sclereid; SE, sieve element; SP, sieve plate; T, tannins; Ty, tylosoid; Ve, vesicle; W, wall. Bars, 1 mm (a-m, o-s), 0.2 mm (n). Transversal ultrathin sections stained with uranyl acetate and lead citrate.
( Fig. 5g, h) . Nuclei, usually large, exhibited big nucleoli, had a central position, a rounded shape and a normal ultrastructure (Fig. 5i, j) . In the outer part of this abnormal tissue, the cells might exhibit a more or less large central cavity containing densely stained materials (Fig. 5l ) resembling tannins. Because these parenchymatous cells were always found in the nonconducting phloem layers containing altered and/or dismantled laticifers, they were either hyperplasic cells or cells of tertiary formations depending on if they were issued from budding then proliferation of secondary parenchyma cells or from proliferation alone, respectively. The other abnormal cells of parenchymatous nature were distinguished particularly by alterations of their membrane systems. Plasma membranes were broken into small pieces (Fig. 5m) . Outer membranes of mitochondrial, plastidial (Fig. 5m, q) and nuclear envelopes disappeared up. Tonoplasts were generally not discernible (Fig. 5m, o, p) . Plasmodesmata were altered and often empty (Fig. 5m, n) . ER-derived structures containing part of cytoplasm and organelles or unrecognisable materials were abundant (Fig. 5o) . Moreover, cytoplasm and nucleoplasm tended to be very translucent and flocculent (Fig. 5m, o-q) , but heterochromatin was condensed at the periphery of the nucleus (Fig. 5p ). Mitochondria and plastids also tended to be electron-transparent. However, in some cells, mitochondria and plastids could be giant and branched (Fig. 5q) . In other cells, lipid globules and tannins were extremely electron-dense. All these features were grouped together in the inner phloem layers below the brown sheets, but closer to the cambium than the first kind of abnormal parenchymatous cells described. In the dry/non-dry front area, some of these abnormalities were also present but in small amount. Arranged in radial files, the cells of the second kind belonged to the secondary phloem parenchyma.
Primary walls of all the cell types were variously altered. The most frequent changes were higher osmiophily (Fig. 5a, b, g, i-l, o) , degradation (Fig. 5f, s) , generally starting from the middle lamella and external faces of primary walls, and accumulation of osmiophilic materials in the intercellular spaces (Fig. 5g, p, r, s) . In the dry/non-dry front area, extremely high osmiophily was frequently observed in walls, but without degradation, and was associated with strong osmiophily of the lipid globules and electron-density of the entire cytoplasm.
Discussion
Tapping panel phloem of healthy rubber trees of the present study had the same histology as secondary phloem from barks and heveas of varied origin de Faÿ 1981; Hao and Wu 2000; Sando et al. 2009) . At the ultrastructural level, the tapping panel phloem of mature rubber trees had been little investigated up to now and was not considered as a whole . In this paper, the fine structure of laticifers, sieve tubes and phloem parenchyma cells of the inner phloem is specified in healthy mature trees belonging to clones GT1 and PB 260. Some aspects are also observable on micrographs taken from healthy material of varied origin: tapping panels from GT1 and some other clones , young stems or branchlets from clone RRIM 600 (Wu and Hao 1990; Tian et al. 1998) . They are, on the one hand, tight rubber globules within laticifers, and parenchyma cells having electron-dense or electron-lucent cytoplasm ; on the other hand, P-protein around sieve plate pores of a mature sieve element (Wu and Hao 1990 ) and common phloem parenchyma cells and companion cells of the type 'clear cells' (Tian et al. 1998) . This suggests that the features described are essentially related to the cell types or the species. However, the amount of companion cells at an advanced stage of development associated with non-collapsed sieve elements and the marked differences between axial and radial phloem parenchyma cells ('clear' and 'dark' cells, respectively) , could be related to age of the organ and/or to tapping. Indeed, early degradation of companion cells (for instance showing osmiophilic material in cavities close to the plasmalemma and broken nuclear envelope) was presumably connected to normal aging of the cells because these features have not been found in the young stem of 1-year-old heveas (E. de Faÿ, unpubl. data). Axial parenchyma cells of tapping panels are mainly laticifer sheath cells and, in the conducting phloem, common phloem parenchyma cells plus protein-storing cells (Wu and Hao 1987) . Therefore, axial parenchyma cells are probably the most highly stressed by tapping. Difference in ultrastructure of axial and radial phloem parenchyma cells of the tapping panel might be exacerbated in regularly tapped rubber trees.
TPN is identical to irreversible TPD or a variant
In situ coagulation of latex, appearance of new cells that proliferate regularly or anarchically and increase of polyphenols (tannins and lignified secreted material) are phenomena characteristics of TPN. All the kinds of abnormalities detected by light microscopy in TPN-affected trees have already been described in TPD-affected heveas de Faÿ 1981; de Faÿ and Jacob 1989) . Moreover, tylosoids -or the hyperplasic cells that derived from them -and the associated in situ coagulated latex were always present in TPN-affected phloem and are considered as the early structural markers of TPD (de Faÿ 1981; de Faÿ and Jacob 1989) . There is thus histological evidence of a similarity between TPN and irreversible TPD. The similarity is supported by other facts: the impaired cyanide metabolism in TPN-affected rubber trees , and the cyanide-induction of tylosoids associated with in situ coagulated latex (de Faÿ et al. 2010) .
Besides, the microscopic abnormalities did account for macroscopic symptoms of TPN-affected trees, as well as of TPD-affected ones. Progressive invasion of laticifers by tylosoids and/or 'gums', and in situ coagulation of latex logically result in bark dryness, which is a common symptom of TPN and TPD (Rands 1921; de Faÿ 1981; de Faÿ and Jacob 1989) . The increase in oxidised phenolic compounds -tannins in some parenchyma cells and special lignins at the level of the golden yellow 'gums' -presumably leads to browning of bark. This was described as brown sheets and necrotic patches in TPN and golden specks or brown layer and dark brown areas in TPD (Petch 1921; Rands 1921; de Faÿ 1981; de Faÿ and Jacob 1989) . The functioning of additional meristematic layers and of the cambium presumably explains the external symptoms. These were described as peripheral necrotic patches in TPN and bark cracking and flaking in both TPN and TPD (Petch 1921; Rands 1921; de Faÿ 1981; de Faÿ and Jacob 1989) . The role of additional meristematic layers is to surround and isolate areas of necrotic tissues. As for the large ones of the phellogen type, it is to eliminate the whole outermost disorganised and necrotic tissue, which is clearly at the origin of bark cracking and flaking (de Faÿ 1981; de Faÿ and Jacob 1989) . The cambium is known to push away the old tissue outwards, which presumably leads to make the disorganised and necrotic tissues visible. It is suggested that the macroscopic symptoms of TPN-and TPD-affected trees are connected with only small differences. These ones might be linked to differences in the descriptive approach of heveas.
However, depending on the affected clones, the environmental conditions or the stresses experienced by the trees, the phloem disorder might start at different places of the trees (base of the trunk typical of TPN; in relation with the tapping cut as usual in TPD). It might also develop more or less rapidly or in different manners (more specifically in extensive brown sheets and external necrotic patches for TPN, Nandris et al. 1991 ; in spectacular bark cracking and flaking or, sometimes, in trunk deforming for TPD, de Faÿ 1981). TPN and irreversible TPD might thus be two final aspects of the same syndrome.
In conclusion, TPN is either identical to, or a variant of the irreversible form of TPD. Anyway, even if the origins of TPN and TPD were different, the same cellular reactions allow discussing the onset of cellular disorders within the tapping panel inner phloem.
Cellular degradation and dedifferentiation occur in the inner phloem of rubber tree tapping panels with the spread of the syndrome TEM has revealed very numerous subcellular morphologic abnormalities in all the cell types of the tapping panel phloem of diseased trees. Those are related either to cellular degradation or cellular dedifferentiation. In the specialised cell elements forming laticiferous vessels and sieve tubes, the most characteristic change was the deposition of very osmiophilic materials. Indeed, these materials were absent in healthy barks, including in aging elements such as crushed sieve elements. Their presence relatively close to the cambium and in the dry/ non-dry front area of tapping panels suggests an early appearance in the protoplasm of non-collapsed sieve elements and in that of laticifers where rubber particles were not yet fused. This indicates that these specialised cells were undergoing cell death of a form different from that of aging elements (at least for the sieve tubes). Furthermore, the formation of osmiophilic material in laticifers might be more specific to the syndrome than the fusion of rubber particles. In fact, exceptionally in barks of the healthy trees studied, a few rubber particles could be fused in situ very locally while the osmiophilic material was absent in the laticifer (data not shown). The osmiophilic materials of laticifers and sieve elements could be rich in unsaturated fatty acids since only the unsaturated fatty acids are intensively stained by osmium (Adams 1960) . They could also contain proteins closely related to those forming a network at the far end of wounded laticifers when the flow of latex stops after the tapping of heveas, network which is precisely at the origin of the wound plugs (Hao et al. 2002) . Wound lignins (phloroglucinolHCl positive material) should then incrust such a matrix and the whole would form the 'gums'. The non-osmiophilic masses deposited onto the sieve element walls common with the companion cells in non-crushed sieve tubes resemble callose. Callose is known to be a common wall constituent in sieve areas and to develop rapidly in reaction to injury. The amount and frequent location of this material out of the sieve plates in the TPN-affected trees suggest that the sieve tubes were strongly injured but not mechanically. Furthermore, the cytological signs of sieve element degradation and decompartmentation in the TPN-affected trees were consistent with the early disappearance of conducting sieve elements in TPD-sensitive rubber clones following cyanogenic treatments (de Faÿ et al. 2010) .
Most of the other abnormalities were relevant either to cellular dedifferentiation or to cellular degradation. On the one hand, the abundance of big lipid or lipid-like globules and of ribosomes, the large amount of organelles specially mitochondria, as well as their division-like figures and irregular shapes, the arrangement of rough ER in extensive parallel arrays, and the presence of disproportionate large nuclei with big nucleoli were also reported in plant tumours (Ames 1972; Burgess and Fleming 1973; Camp and Whittingham 1974; Walne et al. 1975) or hyperplasic phloem (Esau and Hoefert 1978) . The phenomena are considered as signs of cellular dedifferentiation. In the phloem of TPN-affected trees, those features were all found in the neighbourhood of laticifers having in situ coagulated latex, i.e. in tylosoids, hyperplasic cells, and additional meristematic and derived cells. The situation is comparable to that reported in naturally occurring tumour of a Nicotiana hybrid since the first sign of the tumour formation is the 'activation' of some cells adjacent to dead or dying cells (Brieger and Forster 1942) . On the other hand, breaking up or disintegration of the membrane systems (plasma membranes, tonoplasts, outer membranes of organelles), alteration of plasmodesmata, formation of ER-derived structures and other vesicles containing cytoplasm, organelles or degraded materials, but also alterations of nuclear chromatin and walls were classic signs of cellular degradation and cell decompartmentation. Those abnormalities, all found in the phloem parenchyma cells and particularly in the axial ones, indicate that the cells were undergoing cell death.
Since signs of cellular dedifferentiation and degradation were found both in the same slivers (generally in different phloem layers and phloem cells, but sometimes in the same cells), in no way the cellular degradation can be taken for an artefact of handling or preparation of the specimen. Dedifferentiation and degradation were likely two reactions of the phloem parenchyma cells, either two different cellular behaviour or two stages in life cycle of the affected cells. Furthermore, the reaction of the parenchyma cells varied according to the position of the cells in the phloem (signs of dedifferentiation were always found in areas where latex was coagulated in situ, generally not very close to the conducting phloem, and mainly in axial cells). Cellular dedifferentiation that resulted in proliferation might be interpreted as an adaptative reaction of certain parenchyma cells to unfavourable conditions, as the presence of organelles having digitated form is interpreted in other parenchyma cells as evidence of an adaptative reaction to anaerobiose (Vartapetian et al. 2003) . But since a few parenchyma cells presented both features of dedifferentiation and degradation, it is likely that all the (axial?) phloem parenchyma cells went finally through cell death. Moreover, high osmiophily of lipids or lipid-like globules and cell walls, and absence of tonoplast were also found in cells not much altered otherwise, particularly in the dry/non-dry front area. These events would thus occur at early stage. It is finally suggested that the following phenomena: (i) high osmiophily and disintegration of the tonoplast in cells not much altered otherwise, (ii) cellular dedifferentiation and cell proliferation, and (iii) cellular degradation leading to cell decompartmentation would correspond in rubber trees to different stages of a stress reaction of the phloem parenchyma cells. The stress reaction would vary depending on whether the phloem cells were specialised or non-specialised since laticifers and sieve elements displayed a form of cell death different from that of parenchyma cells.
The changes in tapping panel phloem parenchyma cells are reminiscent of plant responses to stress, programmed cell death (PCD) or tumourigenesis and could be related to the up-or downregulated expression of genes associated with the onset of TPD and to impaired cyanide metabolism.
Early breaking up or disintegration of the membranes and appearance of tannin-like very electron-opaque material in the tapping panel phloem of diseased trees could indicate oxidative stress at the onset of phloem degeneration. Indeed, lipid peroxidation is known to be manifested by membrane alterations, notably by local and progressive breakages (Pasquali-Ronchetti et al. 1980) , and tannins are considered as antioxidants (Amarowicz 2007) . Moreover, these ultrastructural changes were in accordance with the biochemical evidence of polyphenol accumulation, increasing polyphenol oxidase activity and decreasing peroxidase activity in the barks of TPD-affected trees (Krishnakumar et al. 2001) . Interestingly, some of the morphologic abnormalities observed in plastids and mitochondria of the phloem parenchyma cells were also reported in mitochondria of plants subjected to hypoxic or anoxic stresses (Vartapetian et al. 2003) . The disappearance of the outer membrane of mitochondria was shown to occur in glucose-deprived conditions, and their disproportionate size and digitated shape to occur in presence of a source of sugars or an electron acceptor; the latter phenomena are regarded as adaptation to anaerobiose. Moreover, elongation, constriction and digitated shape of mitochondria were reported in cells of the spadice of Sauromatum guttatum during anthesis when thermogenesis takes place (Skubatz et al. 1993) . Amiboid shape of plastids was reported in plant genetic tumours (Burgess and Fleming 1973) .
About the forms of cell death associated with TPD, one may first think of necrosis, which is unnatural death of cells. However, many morphologic abnormalities described here also resemble features of several forms of PCD in plants. For instance, the large cisternae of rough ER coiling round cytoplasm and organelles, and the ER-derived vesicles are reminiscent of the concentric rings of ER sequestering cytoplasm and/or organelles found in aborting ovules during salt stress-induced abortion (Hauser et al. 2006) , as well as in roots of seedlings subjected to sudden flooding (Gladish et al. 2006 ). An early disintegration of the tonoplast also occurred in maize roots during formation of aerenchyma (Campbell and Drew 1983) . Very osmiophilic lipid-like globules have already been described in maize roots subjected to oxygen shortage during the formation of aerenchyma (Campbell and Drew 1983) and in the transitory floral nectary of Digitalis purpurea (Gaffal et al. 2007) . Moreover, according to Campbell and Drew (1983) , the dense cytoplasm and organelles likely indicate an early stage in development of these cells. Cell wall deterioration of the phloem was previously observed, accompanied by cellulose degradation, in TPN-affected trees (Nicole et al. , 1992 and was reported in maize roots during the formation of aerenchyma (Campbell and Drew 1983; He et al. 1996) .
Was the underlying process of cellular dedifferentiation and proliferation occurring in the parenchyma cells associated with altered laticifers true hyperplasia or neoplasia? Neoplasia is conceivable because, first, the growth of the cells exceeded and was uncoordinated with that of the normal secondary phloem around it; second, the cells did no longer resemble normal cells microscopically: they notably exhibited ultrastructural abnormalities already found in plant tumours as previously mentioned.
Several structural abnormalities observed in the inner phloem of TPN-affected trees might also be related to the genes up-or downregulated in the latex or bark of TPD affected-trees (Chen et al. 2002; Venkatachalam et al. 2007 Venkatachalam et al. , 2009 Li et al. 2010) . Notably, the disintegration of outer mitochondrial membranes in the trunk inner phloem of TPN-affected trees could be directly related to the HbTOM20 gene (Hevea brasiliensis Translocase of the Outer Mitochondrial Membrane) expression significantly downregulated in inner barks of TPD-affected trees compared with healthy one (Venkatachalam et al. 2009 ). Interestingly, systematic analyses of genes related to TPD suggest that the production and scavenging of reactive oxygen species and programmed cell death might play important roles in TPD (Li et al. 2010) .
Cyanide is the mean of chemical defence against the outside attacks that is the most widely used in plants (over 3000 species of higher plants). In hevea, cyanogenesis was initially studied by Lieberei et al. (1985) , and Moraes et al. (2002) . As previously mentioned, de Faÿ et al. (2010) demonstrated that it was possible to induce the tylosoids associated with in situ coagulated latex in rubber tree by cyanogenic treatments. Taken together the present and previous results imply that cyanide induces dedifferentiation of axial parenchyma cells and cell death of the adjacent laticifers, and also leads to proliferation of dedifferentiated cells (since tylosoids give rise to hyperplasic cells). Furthermore, the literature shows that cyanide triggers PCD in cells of cowpea leaves (Ryerson and Heath 1996) and guard cells of pea leaves (Bakeeva et al. 2005; Dzyubinskaya et al. 2006) . Ultimately, the abnormalities typical of the early disease syndrome could be caused by a stress related to impaired cyanide metabolism.
Conclusions and forward look
The distinction between the irreversible form of TPD (brown bast) and TPN (trunk panel necrosis) cannot be really supported. In the disease syndrome that causes reduction of the world rubber production, all cell types of the tapping panel phloem are affected (not only the laticifers), and signs of cellular deterioration, dedifferentiation and proliferation are present from the outset. The irreversible TPD is considered as a degenerative disease of rubber tree having some similarities with plant response to stress, programmed cell death and tumourigenesis. Future works aimed at a better understanding of the causes and cellular mechanisms of TPD will have to specify the exact nature of the stress experienced by the rubber trees, notably in investigating the long-term effects of cyanogenic treatments, and the form(s) of cell death occurring with the phloem disorder or following cyanogenic treatments. Specify whether the proliferation persists in the same manner even after cessation of the original stimulus (such as cyanide induction), as in neoplasia, will also have to be a research objective. An exhaustive ultrastructural study appears to be an interesting complementary approach to molecular studies on TPD. The findings also provide new information on the biology of phloem (the trunk secondary phloem of mature trees was little studied up to now despite its role in tree nutrition) and on the plant disease syndromes (the physiological disease presently investigated has an unusual cellular phenotype).
